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Tyrosine hydroxylase, the rate limiting enzyme in the biosynthesis of catecholamine, is a tetramer composed 
of four subunits of the same molecular mass. A full length cDNA clone encoding tyrosine hydroxylase has 
been inserted into the SP6 expression system. Translation of the corresponding RNA in Xenopus oocyte 
results in enzymatic activity, demonstrating that a single gene contains all the necessary genetic information 
to code for a functional enzyme. The potential of this system in the analysis of posttranslational tyrosine 
hydroxylase modifications is discussed. 
Tyrosine hydroxylase (Xenopus laevis) SP6 polymerase Translation 
1. INTRODUCTION 
Tyrosine hydroxylase (EC 1.14.16.2, tyrosine 
3-monooxygenase, TH) catalyses the rate limiting 
step in the biosynthesis of catecholamines and 
plays a key role in the physiology of catecholamin- 
ergic neurones [11. This enzyme is available in rela- 
tively high amounts from the rat pheochromo- 
cytoma PC 12 cell line, facilitating biochemical 
studies. TH purified from this source has an ap- 
parent molecular mass of 220 kDa on sucrose den- 
sity gradients and migrates as a single band of 62 
kDa when subjected to SDS-PAGE suggesting that 
it is a tetramer composed of four subunits of the 
same molecular mass [2]. We have recently isolated 
a full length DNA complementary to a mRNA 
coding for the rat TH antigen [3] and could de- 
duce the amino acid sequence [4]. We report here 
that translation of the corresponding RNA in 
Xenopus oocyte yields active TH establishing that 
the cDNA clone previously described contains the 
* To whom correspondence should be addressed 
necessary genetic information to direct the syn- 
thesis of a functional form of this enzyme. This 
study was performed by exploiting the SP6 system 
which allows the synthesis of large amounts of a 
single RNA species [5]. The potential of this SP6 
system in the analysis of posttranslational TH 
modifications is discussed. 
2. MATERIALS AND METHODS 
2.1. Enzymatic reaction conditions and 
transformations 
DNA was manipulated following standard pro- 
cedures [6]. DNA fragments were purified on 
DEAE-cellulose paper [7]. Inhibition of blunt end 
ligation was performed by using ATP at concen- 
tration of 5 mM [8]. Bacterial transformations in 
both E. coli JM-101 using pEMBL 9+ [9] and 
DH-1 using pSP6 151 were performed as described 
[lOI. 
2.2. In vitro transcription 
pSP6-TH was linearized with Hind111 and trans- 
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cripts of TH RNA were synthesized with SP6 poly- 
merase as described [5]. Capping was achieved us- 
ing 7meGpppG, in an equimolar concentration to 
GTP, in the transcription assay [ 111. Northern blot 
analysis of RNA was performed as described [12]. 
2.3. In vitro translation studies 
Approx. 0.5 pg RNA was incubated with 50 &i 
[%]methionine, in a final volume of 25 ~1 rabbit 
reticulocyte lysate as described [131. After a 60 min 
incubation at 3O”C, the radioactivity incorporated 
into synthesized proteins was estimated by liquid 
scintillation counting after precipitation with tri- 
chloroacetic acid. In addition, 10 ~1 lysate were 
separated by SDS-PAGE [14] and analysed by 
autoradiography using either Kodak X-omat AR5 
or Fuji Rx X-ray film. Autoradiography intensities 
were quantified with a densitometric scanner. 
2.4. Injection of oocytes with RNA and 
immunoprecipitation studies 
Mature oocytes from Xenopus laevis were micro- 
injected with 50 nl water containing 25 ng of either 
capped or uncapped TH RNA, or with 50 ng PC 
12 mRNA. Control oocytes were injected with an 
equal volume of water. Injected oocytes were in- 
cubated individually for two days at 19°C in 200~1 
modified Barth saline medium (MBSM) [ 151 before 
being pooled in groups according to the original in- 
jection and assayed for enzyme activity (section 
2.5). Protein labeling was achieved by incubating 
injected oocytes for 24 h in 200~1 MBSM followed 
by a further 24 h incubation in 30~1 MBSM con- 
taining 25 FCi [35S]methionine. Immunoprecipita- 
tion was performed according to Dobberstein et al. 
[ 161, starting with 20 oocytes lyzed by sonication in 
200 ,J Tris buffered saline. 
2.5. Tyrosine hydroxylase activity 
TH activity was assayed by measuring the amount 
of tyrosine converted to DOPA as estimated by 
high-performance liquid chromatography (HPLC) 
using electrochemical detection (ECD) as modified 
from the technique of Buda et al. [17]. Typically, 
20 oocytes were sonicated in 100 ~1 of ice-cold 5 
mM potassium phosphate (pH 6.0) buffer contain- 
ing 0.2% Triton X-100 before centrifugation, 
10 000 x g, 15 min at 4°C. Then 50~1 of the result- 
ing supernatant was incubated for 15 min at 37°C 
with 50 yl assay cocktail to give a final reaction 
medium containing 100 mM potassium phosphate 
(pH 5.5), 0.5 mM NADPH, 1 mM 6-MPH4, 2600 
units catalase, 1 mM FeS04 and 40pM L-tyrosine. 
3. RESULTS 
3.1. Insertion of the tyrosine hydroxylase cDNA 
under the control of the SP6 promoter 
The full length TH cDNA was isolated from a 
pBR322 library in which the cDNA is inserted at 
the PstI site by poly(dG)-poly(dC) tailing. The 
complete nucleotide sequence revealed that it con- 
tains one internal PstI site [4]. The TH cDNA was 
first subcloned after partial digestion in the poly- 
linkers of the pEMBL 9+ plasmid to facilitate its 
manipulation. Two clones pEM-TH 1 and pEM- 
TH 2 were isolated corresponding to the two possi- 
ble orientations of the TH cDNA. 
A series of manipulations were then performed 
to remove the poly(G) tail at the 5 ‘-end of the TH 
cDNA by exploiting the unique A/u1 restriction 
site contained within the 11 non-coding bp at the 
5’-end. Since other A/u1 restriction sites are pre- 
sent in the TH cDNA, the strategy presented in 
fig.1 was adopted. The pEM-TH 2 plasmid was 
first cleaved with ApaI and Hind111 to generate a 
1607 bp fragment that contains the entire coding 
sequence for TH. This moiety was then cleaved 
with HinfI yielding a 5 ‘- and a 3 ‘-fragment con- 
taining 127 and 1480 bp, respectively. The single 
AluI site present in the small fragment could then 
be used to remove the poly(G) tail. The resulting 
fragments and the 1480 bp moiety were then ligated 
together with the plasmid pEM-TH 1 previously 
cleaved with ApaI and HindII, to yield the recom- 
binant plasmid pEM-TH 19. The correct construc- 
tion of pEM-TH 19 was confirmed by restriction 
mapping with the enzymes PstI, BarnHI, ApaI, 
EcoRI and NindIII. 
The BamHI, Hind111 insert of pEM-TH 19 
which contains both the coding and the entire 
3 ‘-non-coding regions of TH mRNA was then 
cloned into the corresponding site of the SP6 vec- 
tor. Screening of the recombinant pSP6 clones was 
facilitated both by cleaving pEM-TH 19 with 
PvuI, which inactivate the fi-lactamase gene, and 
by further cleaving pSP6 with Hind11 in order to 
hamper the recloning of the linker moiety as liga- 
tion was carried out at 5 mM ATP. The restriction 
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Fig. 1. Subcloning the TH coding region in the pEMBL 
9+ plasmid. Circles represent plasmids. Shaded boxes 
represent he intragenic region of phage Fl and hatched 
boxes represent he fl-lactamase gene. Small open boxes 
represent the coding sequence for cY-peptide of p- 
galactosidase containing a multiple cloning sites 
polylinker and large open boxes represent TH cDNA 
while the surrounding large shaded boxes correspond to 
poly(dG-dC) tails. Arrows indicate the relative orienta- 
tion of TH cDNA. Symbols for restriction enzymes are 
as follows: P, WI; B, BumHI; H, HindIII; HII, 
HindII; Al, Alul; Ap, Apal; Hi, HinfI. 
fragments of pEM-TH 19 and pSP6 were ligated 
and the correct pSP6 recombinant selected on the 
basis of its resistance to ampicillin and its restric- 
tion map. 
3.2. Synthesis of RNA from pSP6-TH 
Transcription was carried out using pSP6-TH 
linearized with HindIII. Analysis of the resulting 
transcripts by Northern blot revealed a single RNA 
species which migrates as PC 12 TH mRNA. The 
first 37 nucleotides originate from the SP6 vector 
with the following corresponding to the TH cDNA, 
beginning 7 nucleotides away from the initiation 
AUG codon and extending to the poly(A) and 
poly(C) tails. About 1Opg RNA was obtained from 
5 pg pSP6-TH plasmid. These RNA could be cap- 
ped during transcription using 7meGpppG as sub- 
strate, with an efficiency of 250% and these con- 
ditions did not modify either the yield of RNA syn- 
thesis or the apparent length on Northern blot (not 
shown). 
3.3. Translation of RNA transcribed from 
pSP6- TH 
The translation of RNA derived from the pSP6- 
TH template was first examined using the rabbit 
reticulocyte lysate. Translation occurred with un- 
capped RNA but was increased 5-fold in the pre- 
sence of capped RNA giving a 5% incorporation 
of [35S]methionine into precipitable material. The 
translation products were analyzed by SDS-PAGE 
followed by autoradiography as described in sec- 
tion 2. Short time exposure of the autoradiograms 
revealed a single band corresponding to a 62 kDa 
,,,, , 
dJm5 
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Fig.2. Detection of TH RNA translation products. 
Samples are all heated for 5 min at 100°C and subjected 
to SDS-PAGE (10% polyacrylamide). Lanes: 1, transla- 
tion products from the reticulocytes lysate; 2 and 3, 
translation products from 4 and 16 oocytes injected with 
TH RNA, respectively, following immunoprecipitation; 
4, immunoprecipitation of translation products from 16 
control oocytes injected with water. Molecular mass 
markers are given in kDa. The arrow indicates the posi- 
tion of TH antigen (62 kDa). 
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Table 1 
TH activity in injected oocytes 
TH enzymatic activity 
Capped TH RNA 99.0 Ik 1.5 (n = 5) 
Uninjected 0.7 Zk 0.1 (n = 5) 
Uncapped TH RNA 0.8 
PC 12 mRNA 0.7 
Water 0.7 
Enzyme assays were as described in section 2. The results 
are expressed in pmol DOPA formed/h for 20 oocytes. 
In the case of capped TH RNA injected and uninjected 
oocytes, values correspond to mean k SE where n = 5. 
In the case of uncapped TH RNA, PC 12 mRNA and 
water injected oocytes, values were each from one pool 
of 20 oocytes 
protein, resulting from the translation of both 
capped and uncapped RNA. However, the addi- 
tion of capped RNA led to a five-fold increase in 
the intensity of the autoradiographic signal con- 
firming the above results. This protein comigrates 
with native TH immunoprecipitated from PC 12 
mRNA translation products (not shown). Longer 
exposure time of the autoradiograms revealed 
other bands of higher and smaller molecular mass 
(fig.2). However, only the major band could be 
identified when translation products were analyzed 
with a specific TH antibody. No enzymatic activity 
could be detected when the translation products 
were assayed for TH. 
As shown on fig.2 a band equivalent o a 62 kDa 
protein was also detected after immunoprecipita- 
tion by TH antiserum of oocyte proteins following 
microinjection with capped TH RNA. However, in 
sharp contrast with the reticulocyte system signifi- 
cative TH enzymatic activity was assayable in the 
injected oocytes as shown in table 1. Control 
oocytes and oocytes injected with both mRNA 
from rat PC 12 cells or with uncapped RNA gave 
no detectable activity. 
4. DISCUSSION 
In this paper we have shown that the injection in 
Xenopus oocytes of a single RNA species yields 
TH activity. This result also gives further weight to 
the previous report that the native enzyme is 
formed of a homotetramer [2]. 
A cDNA clone encoding immunoreactive TH 
was subcloned in the SP6 vector system following 
removal of the poly(G) tail at the 5 ‘-end since we 
have shown, in several cases (unpublished), that 
this stretch of nucleotides inhibits the progression 
of ribosomes. The RNA obtained by in vitro tran- 
scription contains coding sequences that are iden- 
tical to native TH mRNA and differ only in the 
5 ’ -non-coding portion. 
Translation of the corresponding capped mRNA 
in both the reticulocyte lysate and in the Xenopus 
oocyte leads to the synthesis of a protein whose 
size is identical to that of the native enzyme. In 
agreement with previous reports [ll], the transla- 
tion efficiency was very poor using uncapped 
RNA. Interestingly, TH enzymatic activity could 
only be detected after injection in the oocyte. It is 
possible that this simply reflects the better efficien- 
cy of the oocyte translational machinery as com- 
pared with that of the reticulocyte lysate. However, 
it is most probable that enzyme activity results 
from posttranslational modifications which are 
more likely to occur in the oocyte. More parti- 
cularly the activity of this enzyme has been found 
to be modulated by a variety of kinases [l&20] in- 
cluding CAMP-dependent protein kinase, an active 
form of which is found with CAMP, in the oocyte. 
Clearly the availability of a pure RNA species 
encoding TH sequences hould greatly facilitate 
the characterization of the phosphorylation and 
other posttranslational events that initiate and 
modulate the activity of the TH enzyme. 
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